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ABSTRACT

Using PCR, we found that normal heart muscle and
brain from adult human individuals contain low levels
of a specific mitochondrial DNA deletion, previously
found only in patients affected with certain types of
neuromuscular disease. This deletion was not
observed in fetal heart or brain. Experimental tests
support the idea that the deletion exists in vivo in adult
mitochondria and is not an in vitro artifact of PCR. Our
data provide direct experimental support for the idea
that accumulation of mitochondrial DNA deletions may
be important in aging.

INTRODUCTION
Specific deletions of mitochondrial DNA (dmtDNA) are present
at high levels in skeletal muscle and other tissues of patients with
the rare and sporadically occurring neuromuscular diseases
Kearns-Sayre syndrome (KSS) and progressive external
opthalmoplegia (PEO) (1-8).

It has been proposed that somatic mtDNA mutations might
occur in the general population and result in lowered cell and
tissue function characteristic of advanced age (9-12). However
dmtDNA has not been found in blood or skeletal muscle of
normal control individuals either related or unrelated to the
patients with KSS and PEO (1-3, 6-8). This failure to detect
dmtDNA in normal individuals may have been the result of the
lack of sensitivity of the methods used or the choice of tissues
examined.
Using a combination of PCR strategies, we examined tissues

from individuals who did not have neuromuscular disease for
the presence of dmtDNA. Each patient with KSS and PEO has
characteristic deletion end points which vary among individuals.
The most frequently observed deletion is about 5 kb in length
(1, 13-16) and occurs at a presumed deletion 'hot spot' involving
two 13 base direct repeats beginning at positions 8470 and 13,447
in the mitochondrial genomic sequence. We examined normal
individuals for the presence of this specific deletion. Our PCR
assay for dmtDNA (4,7,15) relied on a large deletion to bring
two primers that lie just outside the 13 bp repeats close enough
together to efficiently produce a product. We found that selective
amplification of dmtDNA was enhanced by significantly
decreasing the PCR cycle time used by other groups. These tactics
allow much more efficient amplification of deleted than undeleted
mitochondrial genomes. Unlike previous studies of normal
individuals, we focused on autopsy tissues rich in non-dividing

cells, rather than on more easily obtained dividing cell populations
such as those found in blood.

MATERIALS AND METHODS
DNA Samples
Human tissue samples consisting of brain, heart and spleen from
deceased individuals were collected at autopsy according to
standard procedures at LAC/USC Medical Center, and
immediately frozen. Seven of the individuals studied were adults.
The cause of death, age and sex of these individuals were: lung
cancer, 58 years, male; gastrointestinal bleeding, 53 years, male;
bacterial endocarditis, 45 years, male; intracranial hemorrhage,
33 years, male and trauma (4 cases); three males 21, 22 and 40
years and one female, 27 years. Two individuals were stillborn
males at 34 and 40 weeks respectively. Two were spontaneous
abortions at 22 and 29 weeks with prematurity (male) and trisomy
13 (female), respectively. A fifth female child lived for 4 days
and died from trisomy 18.

In addition to the above samples, cerebellar material from 9
brains from individuals ranging in age from 44-104 years was
kindly provided by Steve Johnson and the Alzheimer's Disease
Research Consortium of Southern California. These samples
came from individuals who upon death were found to have no
neuropathology.

DNA Purification and PCR analysis
Total DNA was extracted by standard methods. PCR analysis
(17-19) was carried out using standard buffers and Taq
polymerase (Perkin-Elmer Cetus). The primer and nucleotide
concentrations were 1 AM and 200 ,uM per dNTP respectively.
The PCR primers covered the following regions of the Cambridge
sequence (43): MT1 (8225-8247), MT2 (13176-13198), MT3
(13551-13574) and MT4 (13707-13729). The sequence
GAATTC was appended to the 5' end of primers MT1 and MT4
to facilitate cloning.
To detect the 5 kb product from undeleted mtDNA using MTl

and MT4, the cycle times were 1 min denaturation at 940, 1 min
annealing at 590 and 5 min extension at 720 for 30 cycles in
a Perkin-Elmer thermal cycler. In order to assay for the shorter
and rarer dmtDNA products using these same primers the
denaturation time was cut to 20 seconds and a single annealing
and extension time of 20 seconds at 600 was used. In some cases,
an aliquot of the PCR reaction was amplified further using MT4
and a third 'nested' (20) primer, MT3. The short product
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conditions were also used with primers MT2 and MT4 to amplify
a small fragment present in normal mitochondrial genomes but
absent in deleted ones.
For single molecule detection in the 'concordance test' the short

cycle times and temperatures were used. Each sample contained
approximately 10 pg of total genomic DNA. The 5 preliminary
cycles used primers MTl and MT4. Three aliquots (16 /tL) were
taken from this preliminary reaction (see Figure 8). Two were
amplified with primers MT1 and MT4 for an additional 30 cycles.
A 2 gzL aliquot from each of these two sister tubes was further
amplified with primer MT1 and primer MT3 for yet another 30
cycles. The third control aliquot was amplified after the three-
way split for 30 cycles with MT2 and MT4. A 2 ItL aliquot of
this reaction was added to a second tube, then amplified with
MT2 and MT3 for an additional 30 cycles.

RESULTS
Analysis of tissues from normal individuals
Cellular DNA from adult heart muscle was examined using PCR.
In our initial experiments (Figure 1, lanes 2 and 3) using primers
MT1 and MT4 (Figure 2) and a long PCR cycle time, we detected
a product about 5 kb in length, representing amplification of the
region between the primers in undeleted mtDNA. When the total
PCR cycle time was shortened 10 fold, the 5 kb band was no
longer detected. Instead, the adult heart DNA samples produced
the 520 base pair product expected if mitochondrial genomes
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carrying the major KSS deletion were present (lanes 4 and 5).
The significantly shorter cycle time presumably enhanced the
preferential amplification of the rarer deleted mitochondrial
genomes over the longer and more common undeleted ones.

Identification of the deletion junction fragment by restriction
mapping and sequencing
The 520 bp PCR fragment from adult DNA was mapped using
7 restriction enzymes (Fig. 2). The results of two of the seven

digestions are shown in Figure 3, lanes 6 and 7. In all 7 cases
the digestion products had the sizes expected of the major KSS
mtDNA deletion junction fragment described by others (1,14,16).
The 520 bp PCR product obtained using primers MT1 and MT4
with DNA from a 53 year old adult was sequenced. In the region
expected to contain the junction fragment we observed the
sequence TACCACCTacctccctcaccaTTGGCAG. This sequence
contains one 13bp repeat (lower case letters). On one side of this
repeat are sequences from the ATPase8 gene while on the other
side are sequences from the gene ND5. This junction is identical
to the one observed in the majority of patients with KSS and PEO
(7, 13-16) and suggests that the deletions we observe in normal
individuals have an identical origin. The product of amplification
with control primers MT2 and MT4 gave sequence data identical
to the Cambridge sequence(43).
Comparison of fetal and adult heart samples
Primers that amplify undeleted mtDNA (MT2 and MT4) produce
a strong product in both the fetal and adult samples (Fig 3, lanes
1 and 2). The band characteristic of dmtDNA was not detected
when the fetal sample was tested with primers MT1 and MT4
(lane 4) although the adult sample produced a strong product
(lane 5).
We compared the amount of deleted product relative to the

number of undeleted mtDNA in heart muscle from 5 fetal and
7 adult samples. After determining the amount of total genomic
DNA spectrophotometrically, we measured the amount of
undeleted mtDNA in each sample using primers MT2 and MT4.
The amount of starting material was adjusted so that each sample
contained approximately the same concentration of undeleted
genomes. Each adjusted sample was subsequently amplified for
20 cycles with primers MTl and MT4, followed by nesting with
primers MTl and MT3 for an additional 20 cycles. Some of the
results are shown in the top row of Figure 4. All of the adult
but none of the fetal samples exhibited the 360 bp nested product
expected of the major KSS and PEO deletion. Very weak bands
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Figure 1. Effect of cycle time on the size of adult mtDNA PCR products using
primers MT1 and MT4. Lane 1, size markers. Lanes 2 and 3, two adult DNAs
amplified for 30 long cycles. Lanes 4 and 5, two adult DNAs amplified for 30
short cycles. Approximately 1 tLg of total genomic DNA was used in each sample.
The arrowheads show the length of two mw standards in kbp.

Figure 2. Maps of the mtDNA region which undergoes deletion in KSS and PEO.
The restriction enzymes shown were used to confirm the identity of the PCR
product. The positions of the MT primers and their direction of extension are
also indicated. The 13-bp direct repeat is represented by the shaded box. Map
numbers refer to the published sequence (43). The short vertical lines in the lower
part of the figure represent intervals of 20 bp.
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of a larger size were detected in some of the fetal samples. The
bottom row of the figure shows the PCR products obtained using
the primers specific for the more common undeleted genomes
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Figure 3. Amplification and analysis of fetal and adult heart DNA samples on
4% Nusieve agarose gels. One microgram of total genomic DNA was used for
each sample. Lane 1 (fetal) and lane 2 (adult). Amplification was for 30 cycles
with control primers MT2 and MT4, which produces a 550 bp product. Lane
3, molecular weight marker. The arrowheads designate the sizes of three standards
in bp. Lane 4 (fetal) and lane 5 (adult). Amplification for 30 cycles with primers
MTlI and MT4 which produce a 520 bp product in adults. Lanes 6 and 7, fragmients
of the adult product after restriction with Hae HI and Hae II, respectively. The
550 and 520 bp products are normally resolved easily on 0.8% agarose gels.
We used 4% agarose to keep the small digest fragments in lanes 6 and 7 on the gel.

(MT2 and MT4). These results demonstrate that both adult and
fetal samples contained approximately the same amount of
undeleted mitochondrial genomes, yet only the adult samples
exhibited a PCR product characteristic of the most common
dmtDNA mutation present in KSS and PEO.

In order to compare the levels of deleted genomes in fetal and
adult tissue, we made serial dilutions of several samples which
were first normalized with respect to the total amount ofmtDNA
(Figure 5). Adult heart samples must be diluted more than 100
fold before the 520 bp product is no longer visible. Using a more
sensitive detection system (data not shown) adult samples must
be diluted 100,000 before the 520 bp band disappears, whereas
at the same concentrations, fetal DNA showed no product. Thus,
there must be 100,000 fold times less dmtDNA in fetal than adult
heart tissue.

Test for fetal PCR inhibitors
The absence of a deletion product in fetal heart could be explained
if these samples contained a PCR inhibitor. Two observations
would seem to rule out this explanation. All the fetal samples
exhibited the PCR product characteristic of undeleted
mitochondrial genomes using primers MT2 and MT4 at a total
DNA concentration similar to that of the adult samples (bottom
row of Figure 4). Secondly, mixing adult with fetal DNA
does not prevent the appearance of the adult deletion product
(Figure 5).
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Figure 4. Amplification of heart muscle DNA samples from individuals of different
ages. Top row, two step amplification of approximately 10 ng of genomic DNA
using primers MTl and MT4. After 20 cycles a 2 yL aliquot of the primary
reaction was added to a second tube and reamplified for an additional 20 cycles
with primers MTl and MT3 which leads to a product size of 360 bp (arrowhead).
Lanes 1 and 2, 22 and 29 weeks gestation, respectively; lane 3, stillborn; lanes
4-10 are samples from individuals 21, 22, 27, 33, 40, 45, and 53 years of age,
respectively; lane 11, size markers; Bottom row ( b ), approximately 10 pg from
each individual sample shown in row a was amplified with primers MT2 and
MT4 for 30 cycles. The arrowhead shows the position of the 550 bp product
from undeleted mtDNA.

Figure 5. Test for inhibitors of PCR. Row a, lanes 1-6, Amplification of serial
10-fold dilutions beginning with 1 ytg fetal DNA with primers MT1 and MT4
for 30 cycles. The 520 bp product (arrowheads) is absent. The lower molecular
weight band which increases in intensity with decreasing added DNA is primer-
dimer product, an artifact of the PCR reaction. Row b, Amplification of serial
10-fold dilutions beginning with a mixture of 1 /kg each of the fetal and an adult
DNA. Row c, Amplification of a dilution series beginning with 1 tg of an adult
DNA. Lane 7, mw markers.
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Ratio ofdmtDNA to nornal mitochondrial genomes in adult
heart
We estimated the ratio of dmtDNA to normal mt genomes in
adult heart by testing serial dilutions with primers for both normal
and dmtDNA (data not shown). The limiting dilution for the
detection of normal mtDNA was 1000 times less concentrated
han the limiting dilution that allowed detection ofdmtDNA. Thus
we estimate that there is approximately 1 dmtDNA molecule for
every 1000 undeleted ones in heart tissue of middle-aged adult
individuals.

dmtDNA in adult brain
Figure 6 shows the result of a PCR dilution experiment on an
adult brain DNA sample using primers MTI and MT4. All 15
additional adult brain samples, but none of the 5 fetal samples
(data not shown) produced a strong 520 bp product. Thus
dmtDNA mutations of the most common type found in KSS and
PEO are also found in the brain of individuals who died from
causes unrelated to neuromuscular disease. The level of product
appears similar to that in the heart. Fetal brain DNAs were
negative for dmtDNA and were not found to be inhibitory in
mixing experiments (data not shown).

Tests of the in vivo origin of dmtDNA
Our data support the conclusion that normal adult heart and brain
tissues contain both normal and deleted mtDNA, and are therefore
heteroplasmic. The validity of our interpretation is dependent
upon two issues: our experiments must be free of contamination
by previously amplified PCR deletion products, and the
amplification products characteristic of the deletion must not be
artifacts of PCR itself.
Three observations support the idea that deletion products are

not the result of contamination. 1) No fetal DNA samples
produced a deletion product using our PCR conditions. If deletion
PCR products were the spurious result of contamination, one
would expect contamination in fetal as well as adult samples.
2) Controls without any added DNA were also negative for
deletion product. 3) A restriction fragment length polymorphism
was detected between 520 bp deletion products from different
individuals. Only a few polymorphic sites are known within the
sequence of the junction product made by our primers. A rare
Hae 111 site known to be polymorphic (21) was present in the
520 bp product from heart and brain of one individual (Figure
2). Figure 7 shows the mobility difference detected by Hae HI
digestion of two adult heart samples.

2 3 4 5 6

Figure 6. Amplification of 1 Asg of an adult brain DNA sample with primers
MT1 and MT4 for 30 cycles. Lanes 1,2 size markers; lanes 3-7, serial 10-fold
dilutions of the brain DNA beginning with 1 itg. The arrowhead shows the position

of the 520 bp product.

An unlikely but formal possibility is that PCR itself might
generate deleted molecules from undeleted ones. This cannot be
discounted a priori since a phenomenon known as 'jumping PCR'
can occur on DNA if it contains damage that terminates
polymerase extension (22). If the extension product of one primer
on undeleted mtDNA terminated prematurely within one 13 bp
repeat it could, in a later PCR cycle, act as a primer with its
3' end annealed to the other 13 bp repeat. If extended, it could
eventually result in the appearence of a PCR product identical
in size to one hat came from mtDNA deleted between the repeats.
A test (Figure 8) was devised to determine if the deleted

mitochondrial PCR products are the result of a preexisting in
vivo mutation (Model I) or an in vitro artifact of PCR of normal
mtDNA (Model II). If the deletions preexist in a stock sample,
and PCR does not generate them (Model I), then dilutions of
the stock can be made so that deleted molecules are Poisson
distributed; some of the tubes will receive one or more dmtDNA
molecules and the rest none, although each sample receives
hundreds of normal mitochondrial genomes. Each sample was
amplified for 5 cycles (using primers MT1 and MT4) and then
divided equally into three reactions. Two of the three reactions
(sister tubes) were further amplified using the deletion-specific
protocol under conditions sufficient to detect single DNA
molecules (20,23,24). The third tube of the three-way split was
amplified with primers specific for undeleted mtDNA, as a
control. We would have expected that after the 5 initial cycles,
the two sister tubes derived from a sample that originally received
a single dmtDNA would contain on the average 10.6 copies (32/3)
of the dmtDNA sequence, in addition to normal mtDNA. Sister
tubes derived from samples that did not originally receive a
dmtDNA molecule will have zero dmtDNA product. Further
amplification with deletion-specific primers using conditions that
are capable of detecting a single DNA molecule should produce
concordant results; the two sister tubes will either both produce
(+ +) or both lack (--) the deletion product (Figure 8).

Figure 7. Gel electrophoresis of polynorphic mtDNA amplified from two different
adults with primers MT1 and MT4. The 520 bp products were digested with
HaeIII, which detects a polymorphism between some individuals (see text). The
polymorphic Hae III site is designated by an asterisk in Figure 2. The remaining
20 bp fragment expiected from this digestion migrated out of the gel.
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In Model II, no mitochondrial deletions preexist, and all
deletion products result from jumping PCR on normal mtDNA
after the three-way split. It is unlikely that any jumping PCR
occurs during the five preliminary cycles because the
concentration of the extension products is extremely low. If
jumping PCR were to occur, it is much more likely to happen
during the subsequent 60 cycles. Since the probability of a
jumping PCR event in one tube is independent of its occurence
in a sister tube, the pair could be either concordant (+ + or--)
or discordant (+-or-+).

Figure 9 shows the results of such an experiment. Because of
the nested primer step, the size of the fragment characteristic
of the common KSS deletion is 360 bp. The duplicate samples
are concordant; 5 are both positive and 10 are both negative for
the specific KSS deletion product (in some rare cases bands of
a different size appeared and are discussed in the legend to Table
I). All together 7 experimental trials consisting of 105 pairs of
sister tubes were carried out (Table I). For each trial, the observed
frequency of concordant and discordant pairs for the 360 bp band
was compared to the expected frequency of such pairs assuming
an independent artifactual origin after splitting (Model II). Thus
we expect p2 + q2 concordant and 2pq discordant pairs, where
p and q are the total number of deletion product positive and
negative tubes respectively, divided by the total number of tubes.
In only one case did we observe discordance for the 360 bp band.
As can be seen in Table I, our data strongly reject the hypothesis
of independence, and support the idea that the dmtDNA type

Model 1:

mutations preexist PCR

characteristic of the majority of KSS and PEO cases exists in
tissues of normal adults.

DISCUSSION

The classic somatic mutational theory of aging, inspired by
radiation biology experiments, held that aging is the result of
an accumulation of mutational hits in nuclear DNA over time
(25). Harman and Ames extended the somatic mutation theory
to mitochondrial DNA, with oxygen radicals as the destructive
force (9-11). mtDNA contains higher levels of oxidatively
damaged bases than nuclear DNA (26), and certain chemical
modifications of mtDNA, as well as large deletions, increase with
advancing age in rodents and some fungi (27-29). The rodent
work (29) was based upon upon the analysis of heteroduplexes
using EM and showed that 5% of liver mtDNA of old mice
contain deletions and/or insertions and that the breakpoints may
not be randomly distributed. mtDNA is not repaired (30) and
is the preferred target of some known toxins and carcinogens
(31,32). The rate of mtDNA evolution is faster than that of
nuclear DNA, which may reflect its increased susceptibility to
mutation (33-34). The recent evidence that mitochondrial
mutations cause disease in humans (cited above and reviewed
in 35) stimulated others (12,36) to propose that the accumulation
of damage to mtDNA is a major cause of age-related degenerative
human disease.
Our results show that a specific dmtDNA, which is known to

Model II:

mutations are produced by PCR
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Figure 8. Scheme for carrying out a concordance test to determine if the PCR products expected from dmtDNA are artifacts of the amplification process. Assuming
that model I is true, that amplification efficiency is 100%, and that the three-way split divides the PCR products equally, we expect only two types of sister
tube observations (+ +) and (- -). In model II, 4 possibilities exist (+ +), (- -) (+ -) and (- +), but for clarity of the drawing, only two are shown.
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Figure 9. Concordance test data on an adult heart DNA sample. Fifteen aliquots
of the sample containing 10 pg each were amplified for five cycles with primers
MT1 and MT4 and each split into three parallel reactions. Rows a and b. Sister
tubes amplified with dmtDNA-specific primers and loaded one above the other.
The arrowhead indicates the expected 360 bp product. The third reaction after
the three way split (row c) was amplified with control primers and loaded below
the other two aliquots. The arrowhead shows the expected 380 bp nested product
of undeleted mtDNA.For details see the text and Materials and Methods.

Table I

Model II Observed
Expectations

Trial n Con- Dis- Con- Dis-
cordant cordant cordant cordant
pairs pairs pairs pairs x2

A 10 6.8 3.2 10 0 4.7
B 10 5.2 4.8 10 0 9.2
C 20 13.0 7.0 19 1 7.9
D 20 12.5 7.5 20 0 12.0
E 15 7.5 7.5 15 0 15.0
F 15 7.8 7.2 15 0 13.9
G 15 8.3 6.7 15 0 12.1
Sum 105 61.1 43.9 104 1 60.9

A test of the possibility of independent, in vitro origins for the deletion-specific
PCR products. Model II expectations are generated by presuming that all positives
are the artifactual results of PCR jumping. Seven trials were done at similar
dilutions. n = the number of sister pairs. We define p= number of positive tubes/N
total samples. For trials A-G, p= 0.2, 0.6, 0.225, 0.25, 0.533, 0.4, and 0.333,
respectively. q = 1-p. We define the independent expectation for concordant
pairs as the sum (p2 + q2)N, and the expectation discordant pairs as 2pqN. The
sum of chi-square deviations is 60.9 and model II is rejected with statistical
significance (p<0.001; 14 degrees of freedom).
Among the 105 sister tubes we studied, 36 pairs were concordant and 1

discordant for the presence of the 360 bp product. Among the remaining 68 pairs
which were negative for the 360 bp band, 13 were discordant for a non-360 bp
band. Two additional pairs were concordant for a 900 bp fragment. Further studies
are needed to determine whether they represent artifacts or the amplification of
other known dmtDNA types.

be pathogenic, is present in heart and brain of older individuals
who died from causes unrelated to neuromuscular disease. We
failed to detect dmtDNA in fetal heart and brain, and estimate
that fetal tissues must have from 1/100 to 1/100,000 times less
of the deletion than adults.
One possible explanation for the difference between adult and

fetal tissues is that dmtDNA accumulates with age. Because it
is found at high levels in KSS and PEO, dmtDNA is probably
replicated, and consistent with this notion, no dmtDNA has been
described where either or both origins of replication (37) are
absent. Some have proposed that dmtDNA might have an
intracellular advantage over normal mtDNA either because
shorter molecules are replicated faster than longer ones (35), or
sequences involved in down-regulating mtDNA replication are
lost in the deletion event (38). While the hypothesis of a
cumulative increase of dmtDNA in normal individuals is
appealing, many more samples from intermediate age groups will
need to be looked at for confirmation.
dmtDNA has not been found in human tissue culture cells or

in normal spleen (39, and our unpublished data). This suggests
that intercellular selection of the kind proposed by Holt et al.
(1), may be acting. If dmtDNA is even slightly deleterious in
low copy number to cells that carry it, those cells would be ex
pected to produce fewer daughters than cells with less dmtDNA.
This type of intercellular selection could act in populations of
dividing cells but could not act in adult tissues composed primarily
of non-dividing cells such as terminally differentiated heart muscle
and brain.
We estimate that in the heart of middle aged adults there is

approximately 1 dmtDNA molecule of the common KSS type
for every 1000 undeleted ones. Because we found dmtDNA in
all 16 adult brains and all 7 adult hearts we tested, it is likely
that most adult humans carry this somatic mutation. The fraction
of dmtDNA we measure in normal individuals is about 0.1 %,
and contrasts with the proportion of dmtDNA seen in skeletal
muscle of patients with KSS and PEO, that ranges from
20-90%.

Could the dmtDNA levels we observe contribute to the
progress of age-related degenerative diseases? The number of
mitochondrial genomes per cell is on the order of a thousand
(40). Therefore, a dmtDNA level of 0.1 % translates into about
1 dmtDNA molecule of this type per cell on average. At this
time we do not know if the deletions we have described are
distributed randomly among the cells of a tissue or whether some
cells have very high proportions of dmtDNA.
Whether or not dmtDNA at low levels has an effect on tissue

function is unknown. At high levels such as in skeletal muscle
of patients with KSS, the presence of dmtDNA can have a
dominant deleterious physiological effect (38). The threshold level
necessary for dmtDNA to produce such effects is unknown. We
have examined tissues that are functioning normally, and do not
yet know if tissues exhibiting age related degenerative changes
have even higher dmtDNA levels. If dmtDNA levels reached
a threshold level in a particular tissue during the course of an
individuals' life pathological effects similar to those seen in KSS
could arise.

In addition to essential tRNA genes (41), a critical part of the
enzyme cytochrome oxidase (subunit III) is included in the
common deletion detected by our primers. Cytochrome oxidase
is the major site of reduction of molecular oxygen in normal cells.
The presence of a deficient cytochrome oxidase complex could
lead to increased levels of cellular oxidative damage.
The loss of cytochrome oxidase activity occurs mosaically

among muscle fibers in KSS (38). A mosaic pattern of loss of
cytochrome oxidase activity is also found to increase with age,
in cardiomyocytes of normal older humans (42). In the former
case, the coexistence of dmtDNA and normal mtDNA is
associated with this loss, which may be due to the dmtDNA acting
in a dominant fashion (38). Age-related loss of this enzyme
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activity in normal older individuals could have the same
explanation.
The reviewers of this manuscript brought to our attention the

paper of Ikebe et al. (44) which was published after our work
was completed. They used PCR to detect the common KSS and
PEO mtDNA deletion in brain tissue of patients with Parkinson's
disease. They found the deletion in all 5 Parkinson patients but
not all of their 6 adult control individuals although they carried
out only 20 PCR cycles. Additional studies will be needed to
confirm their interesting observation.

ACKNOWLEDGEMENTS

We thank C.E. Finch, S. Johnson, W. Navidi, D. Shibata, M.
Stoneking, W.K.Thomas, J. Valentine and A.C. Wilson for
helpful comments and DNA samples. This work was supported
in part by NIH grants GM36745 and GM42942 (NA) and NIA
training grant AG0093 (C.E Finch).

REFERENCES
1. Holt, I.J., Harding, A.E., and Morgan-Hughes, J.A. (1988) Nature 331,

717-719.
2. Lestienne, P., and Ponsot, G. (1988) Lancet i, 885.
.3. Ozawa, T., Yoneda, M., Tanaka, M., Ohno, K., Sato, W.,Suzuki, H.,

Nashikimi, M., Yamamoto, M., Nonaka, I., and Horai, S. (1988)Biochem.
Biophys. Res. Commun. 154, 1340-1347.

4. Johns, D.R., Rutledge, S.L., Stine., O.C., and Hurko, 0. (1989) Proc. Natl.
Acad. Sci USA 86, 8059-8062.

5. Nelson, I., Degoul, F., Obermaier-Kusser, B., Romero., N., Borrone, C.,
Marsac, C., Vayssier, J.-L., Gerbitz, K., Fardeau, M., Ponsot, G., and
Lestienne, P. (1989) Nucleic Acids Res. 17, 8117-8124.

6. Moraes, C.T., DiMauro, S., Zeviani, M., Lombes, A., Shanske, S.,
Miranda, A., et al., (1989) New Eng. Joum. Med.320, 1293-1299.

7. Shoffner, J.M., Lott, M.T., Voliavec, A.S., Soueidan, S.A., Costigan, D.A.,
and Wallace, D.C. (1989).Proc. Natl. Acad. Sci. USA 86, 7952-7956.

8. Zeviani, M., Moraes, C.T., DiMauro, S., Nakase, H., Bonilla, E., Schon,
E.A., and Rowland, C.D. (1988) Neurology 38, 1339-1346.

9. Harman, D. (1972) Journ. Amer. Ger. Soc. 20, 145-147.
10. Harman, D. (1981) Proc. Nat. Acad. Sci. USA 78, 7124-7128.
11. Ames, B.N. (1989) Free Radic. Res. Comm. 7, 121-128.
12. Linnane, A.W., Marzuki, S., Ozawa, T., and Tanaka, M. (1989). Lancet

i, 642-645.
13. Holt, I.J., Harding, A.E. and Morgan-Hughes, J.A. (1989) Nucleic Acids

Res. 17, 4465-4469.
14. Schon, E.A., Rizzuto, R., Moraes, C.T., Nakase, H, Zeviani, M., and

DiMauro, S. (1989). Science 244, 346-349.
15. Johns, D.R., and Hurko, 0. (1989) Genomics 5, 623-628.
16. Mita, S., Rizzuto, R., Moraes, C.T., Shanske., S., Arnauddo, E., Fabrizi,

G.M., Koga, Y. DiMauro, S., and Schon, E. A. (1990) Nucleic Acids Res.
18, 561-567.

17. Saiki, R.K., Scharf, S., Faloona, F., Mullis, K.B., Horn, G.T., Erlich, H.A.
and Arnheim. N. (1985) Science 230, 1350-1354.

18. Saiki, R.K., Gelfand, D.H., Stoffel, S., Scharf, S.J., Higuchi, R., Horn,
G.T., Mullis, K.B., and Erlich, H.A. (1988) Science 239, 487-491.

19. Mullis, K.B. and Faloona, F. A. (1987). Methods Enzymol. 155, 335-350.
20. Li, H., Cui, X.-F., and Arnheim, N. (1990) Proc. Natl. Acad. Sci. USA

87, 4580-4584.
21. Cann, R.L., Stoneking, M., and Wilson, A.C. (1987) Nature 325, 31-36.
22. Paabo, S., Irwin, D.M., and Wilson, A.C. (1990) J. Biol. Chem. 265,

4718-4721.
23. Li, H. Gyllensten, U.B., Cui, X.-F., Saiki, R.K., Erlich, H.A., and Arnheim,

N. (1988) Nature 335, 414-417.
24. Cui, X.-F., Li, H., Goradia, T.M., Lange, K., Kazazian, H.H., Galas, D.,

and Arnheim, N. (1989) Proc. Natl. Acad. Sci. USA 86, 9389-9393.
25. Szilard, L. (1959) Proc. Natl. Acad. Sci. USA 45,35-40.
26. Richter, C., Park, J.W., and Ames, B.N. (1988) Proc. Natl. Acad. Sci.

USA 85, 6456-6457.
27. Cummings, D.J., MacNeil, IA., Domenico, J., and Matsuura, E.T. (1985).

29. Piko, L, Hougham, A. J., and Bulpitt, K.J. (1988) Mech. Ageing. Dev. 43,
279-293.

30. Clayton, D.A., Doda, J.N., and Friedberg, E.C. (1974). Proc. Nat. Acad.

Sci. USA 71, 2777-2781.
31. Allen, J.A., and Coombs, M.M. (1980) Nature 287, 244-245
32. Backer, J.M., and Weinstein, I.B. (1980) Science 209, 297-299.
33. Brown, W.M., George M.J.R., and Wilson A.C. (1979) Proc. Natl. Acad.

Sci. USA 76, 1967-71.
34. Wallace, D.C., Ye, J.H., Neckelmann, S.N., Singh, G., Webster, K.A.,

and Greenberg, B.D. (1987) Curr. Genet. 12, 81-90.
35. Wallace, D.C. (1989) Trends Genet. 5 9-13.
36. Grossman, L. I. (1990) Am. J. Hum. Genet. 46, 415-417.
37. Clayton, D.A. (1982) Cell 28, 693-705.
38. Shoubridge, E.A., Karpati, G. and Hastings, K.E.M. (1990) Cell 62,43-49.
39. Shmookler-Reis, R.J., and Goldstein, S. (1983) J. Biol. Chem. 258,907-85.
40. Bogenhagen, D. and Clayton, D.A. (1974) J. Biol. Chem. 249 7991-7995.
41. Nakase, H., Moraes, C.T., Rizzuto, R., Lombes, A., DiMauro, S., and

Schon, E.A. (1990) Am. J. Hum. Genet. 46, 418-427.
42. Muller-Hocker, J (1989) Am. J. Pathol. 134, 1167-1173.
43. Anderson, S., Bankier, A.T., Barrell, B.G., de Bruijn, M.H.L., Coulson,

A.R., Drouin, J., Eperson, I.C., Nierlich, D.P., Roe, B.A., Sanger., F.,
Schreier, P.H., Smith, P.H., Staden, R. and Young, I. G. (1981) Nature

290, 457-465.
44. Ikebe, S-i, Taqnaka, M., Ohno, K., Sato, W., Hattori, K., Kondo, T.,

Mizuno, Y. and Ozawa, T. Biochem. and Biophys. Res. Comm. 170,
1044-1048.

J. Mol. Biol. 185, 659-680.
28. Gupta, K.P., van Golen, K.L., Randerath, E., and Randerath, K. (1990)

Mut. Res. 237, 17-27.


